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2
Another object of the present invention is to provide an
NDR FET that includes additional variations and improve
ments over the NDR FET described in King.
Still a further object of the present invention is to provide
an additional type of trapping layer, and/or new types of
charge traps that can be used advantageously in an NDRFET.
Another object of the present invention is to provide an

NEGATIVE DIFFERENTIAL RESISTANCE
PULLUPELEMENT FOR DRAM
CROSS REFERENCE TO RELATED
APPLICATIONS

The present application is a divisional of Ser. No. 1 1/198,

NDR FET that is embodied within an SOI substrate.

955 entitled NEGATIVE DIFFERENTIAL RESISTANCE
FIELD EFFECT TRANSISTOR FOR IMPLEMENTING A

PULLUPELEMENT IN A MEMORY CELL filed Aug. 8,
2005 which is a continuation-in-part of Ser. No. 10/828,356

10

entitled CHARGE TRAPPING PULL-UP ELEMENT filed

Apr. 19, 2004 which is a divisional of Ser. No. 10/298,916
entitled FIELD EFFECT TRANSISTOR PULL-UPFLOAD

ELEMENT filed Nov. 18, 2002 (U.S. Pat. No. 6,724,024)

15

cells.

which is a continuation of Ser. No. 10/028,085 entitled
NEGATIVE

DIFFERENTIAL

RESISTANCE

Still a further object of the present invention is to provide a
new type of general low power, single channel technology for
effectuating logic and memory circuits.
Yet another object of the present invention is to provide an
improved type of NDR device that is more flexible and more
easily integrated (than prior NDR diode devices) into conven
tional semiconductor circuits, including SRAM memory
Another object of the present invention is to provide an
NDR element that can serve as a useful pull-up device in a
memory cell.
Another object of the present invention is to provide an
improved data refreshing technique for DRAM memory

FIELD

EFFECT TRANSISTOR (NDR-FET) AND CIRCUITS
USING THE SAME filed Dec. 21, 2001 (U.S. Pat. No. 6,559,
470).

cells.
FIELD OF THE INVENTION

This invention relates to semiconductor devices and more

25

particularly to a dynamic random access memory cell that
uses a negative differential resistance (NDR) pull-up element.
BACKGROUND OF THE INVENTION
30

A new type of CMOS compatible, NDR capable FET is
described in the aforementioned application King referenced
above. The advantages of such device are well set out in such
materials, and are not repeated here.
In preferred embodiments, this device typically uses a
dielectric layer for creating a charge trapping region that
rapidly traps/detraps charge carriers. A number of different
techniques are explained for forming said traps to achieve a
desired NDR effect. It is apparent, nonetheless, that addi
tional processing techniques (and/or more optimized versions
of the processes described in King) would be beneficial for
expanding the availability of such devices.

electrical control field to move from a channel into the inter

35

40

45

50

FET in a first region of operation, but yet has NDR capability
in a second region of operation.
In the preferred embodiment, the hot carriers tunnel from
the channel to the trapping sites, but they are not energized to
tunnel from the channel to a conduction band of the interface

region. Nor is the interface region required to have a matching
conduction band to facilitate a tunneling process, as required
in conventional NDR devices.
55

Further in a preferred embodiment, an NDR FET shares
one or more commonstructures with a conventional insulated

60

well.
SUMMARY OF THE INVENTION
65

Accordingly, an object of the present invention is to over
come the aforementioned deficiencies in the prior art.

In a preferred embodiment, a trap energy level for the
trapping sites in the interface region is higher than a conduc
tion band edge of the channel. Furthermore, the trap energy
level is set so that said trapping sites trap primarily hot carriers
(and not normal carriers) flowing in the channel to avoid
interfering with the operation of the FET. To achieve this
result, a trap energy level is set to approximately 0.5 eV
higher than the conduction band edge. The semiconductor
structure is incorporated as part of an insulated gate field
effect transistor which otherwise behaves like a conventional

tions. To date, such NDR devices have been limited to two

terminal, diode type structures which have operational limi
tations as well as integration complexities with CMOS pro
cessing. Furthermore, it is not possible, for example, to imple
ment a low power memory cell using a single channel
technology; current approaches are limited to conventional
CMOS, where both p and n type transistors are required.
Accordingly, there is an apparent compelling need for a low
cost, easily integrable NDR solution for Such applications as

face region. Thus, a current in the channel varies from a first
current value associated with a conducting condition, to a
second current value associated with a non-conducting con
dition, where the second current value is substantially less
than the first current value.

A current trend also is to use so called silicon-on-insulator

Substrates to manufacture integrated circuits. It is expected
that this technology will experience rapid growth in the years
to come, but to date, only two terminal NDR diodes have been
implemented in Such environments. Thus, there is clearly a
need for an NDR device that is as easy to integrate as a
conventional FET in such technology.
Another growing trend is the use of NDR devices as load
elements in SRAM memory cells and other circuit applica

These and other objects are provided by a first aspect of the
present invention, which includes a semiconductor structure
comprising a semiconductor Substrate, and a dielectric layer
(gate insulation layer) located on the semiconductor Sub
strate. Such that an interface region is formed between the
semiconductor substrate and the dielectric layer. A plurality
of carrier trapping sites within the interface region are con
figured for trapping carriers that are electrically biased by an

gate field effect transistor (IGFET), so that a common set of
processing operations can be used to manufacture both types
of elements for an integrated circuit.
In other variations, the trapping sites can include water
based traps created by a steam ambient. The NDR FET uses
an n-type channel implanted with a p-type dopant so that a
relatively large electric bias field can be set up to facilitate
moving said carriers from said channel to said trapping sites.
In another aspect of the invention, a memory cell includes
at least one first dopant type channel insulatedgate field effect
transistor (IGFET). The first-channel type IGFET has an

US 7,995,380 B2
3
IGFET gate terminal, an IGFET source terminal connected to
a first potential, and an IGFET drain terminal coupled to a
storage node. In lieu of a conventional two terminal diode, the
present invention incorporates a negative differential resis
tance field-effect transistor (NDR-FET) element that also has
a first dopant-type channel, and acts as a pull-up or pull-down

4
each row or column of memory cells in a sequential loop (i.e.,
providing the a pulse to each row/column in series and then
looping back to the first row/column).
The invention will be more fully understood in light of the
Figures and the following detailed description.

device when connected in Series with the IGFET. The NDR
FET element includes a first NDR FET drain terminal con

BRIEF DESCRIPTION OF THE DRAWINGS

nected to a second potential, a second NDR source terminal
connected to the storage node, and a third NDR gate terminal
connected to a bias Voltage. In this fashion the memory cell is
formed entirely of active devices having a common channel
dopant type.
In a preferred embodiment, the NDRFET element and the
IGFET share at least a common Substrate and a common gate
insulation layer. In addition, the gate terminals for both
devices can be fabricated from a single conductive layer. The
two devices can further share one or more terminals (i.e.,
Source/drain regions).
In this fashion, an NDR memory cell can be constructed
that is integrated into a conventional fabrication process much

10
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including a body contact terminal 125 for receiving an NDR
mode enable/disable bias signal;
FIG. 4 is an illustrative process sequence for integrating the
NDR-MISFET into a conventional CMOS logic process
flow:
25

tions.

In another embodiment, a memory cell can include a pull
up element (e.g., NDR FET) and a storage capacitor con
nected in series between a high Supply Voltage (e.g., V) and
a low supply Voltage (e.g., ground (Vs)). An access transistor
coupled between a bit line and a storage node at the junction
of the NDRFET and the storage capacitor can be provided for
read/write access to the memory cell. By providing a pulsed
gate bias signal to the gate of the NDR FET, the complex
refresh circuitry required by conventional DRAM memory
cells can be eliminated. When a logic HIGH value is stored at
the storage node, each pulse of the pulsed gate bias signal
turns on the NDR FET to recharge the storage capacitor in
response to any charge leakage at the storage capacitor. How
ever, when a logic LOW value is stored at the storage node,
the NDRFET operates in NDR mode, so that the pulses of the
pulsed gate bias signal do not turn on the NDR FET. There
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FIG. 6A is a circuit diagram of a memory cell incorporating
an NDR FET pull-up element.
FIG. 6B is a circuit diagram of memory array including the
memory cell of FIG. 6A.
DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS
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The following detailed description is meant to be illustra
tive only of particular embodiments of the invention. Other
embodiments of the invention and variations of those dis
closed will be obvious to those skilled in the artin view of the
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values.

In one embodiment, a memory array (e.g., a DRAM) can
include multiple memory cells, with each memory cell
including a pull-up element and a storage capacitor connected
in series between a high Supply Voltage (e.g., V) and a low
Supply Voltage (e.g., ground (Vss)). An access transistor in
each memory cell can be coupled between a bit line and a
storage node at the junction of the NDRFET and the storage
capacitor to provide read/write access to the memory cell. The
memory array can include gate bias logic (circuitry) for pro
viding pulsed gate bias signals to the gates of the NDR FETs
in the memory cells in lieu of the complex refresh circuitry
required by conventional DRAM memory cells. When a logic
HIGH value is stored at a given storage node, each pulse of the
pulsed gate bias signal provided to that memory cell turns on
the NDRFET to recharge the storage capacitor in response to
any charge leakage at the storage capacitor. However, when a
logic LOW value is stored at the storage node, the NDRFET
operates in NDR mode, so that the pulses of the pulsed gate
bias signal do not turn on the NDR FET. The gate bias logic
can include any type of circuitry for providing pulsed gate
bias signals, such as a shift register for providing pulses to

FIG. 5 is a circuit diagram of two (2) transistor SRAM cell
formed by a combination of an NDRFET and a conventional
FET.

fore, the NDRFET behavior is based on the data stored on the

storage capacitor, so that the NDR FET is able to “ignore”
stored logic LOW values and only refresh stored logic HIGH

transistor (MISFET) disclosed in this invention, including a
body contact terminal 125 for receiving an NDR mode
enable/disable bias signal;
FIG. 2 is a graphical chart illustrating the current versus
voltage (I-V) characteristics of the NDR-MISFET, including
an NDR operating region.
FIG. 3 is the schematic cross-sectional view of another
embodiment of the NDR-MISFET disclosed in this invention

easier than conventional NDR diodes. Furthermore, the cell

can be made so that both devices use single channel type of
dopant (i.e., both are n-channel or p-channel), and yet still
achieve low power operation as with CMOS implementa

FIG. 1 is the schematic cross-sectional view of an embodi
ment of the NDR metal-insulator-semiconductor field-effect
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following description.
As discussed below, a preferred device embodiment is
described first. Next, the mechanism responsible for the nega
tive differential resistance (NDR) mode is described, fol
lowed by additional preferred embodiments for enhancing
the performance of an NDR device. Finally, an exemplary
method of fabrication will be described.

In accordance with a preferred embodiment of the inven
tion, an n-channel field effect transistor (FET) NDR device
structure (FIG. 1) 100 is provided which is made with mini
mum modification to a standard CMOS process. In fact, from
a first glance, device 100 appears to be an ordinary n-channel
MOS (NMOS) transistor, in which a gate electrode 110 of the
device is formed on top of a semiconductor substrate 120 and
electrically insulated from the substrate by a dielectric layer
130. Right away it can be seen that NDR device 100 in this
invention is distinctly different from NDR devices in the prior
art.

60

Prior-art NDR devices are typically two-terminal diode
devices, made with very complicated and expensive process
sequences which are incompatible with a conventional
CMOS process. Although NDR device 100 in this invention is
similar in appearance to an NMOS transistor, it incorporates
slight but critical modifications, as taught in this invention, in
order for the device to manifest the desired NDR output
characteristic mode.

65

A first modification is that a p-type dopant concentration in
a surface region of the semiconductor Substrate underneath
the gate electrode (the channel) is relatively high compared to
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a contemporary conventionally processed n-channel device.
In a preferred embodiment of device 100, the p-type dopant

concentration is greater than 1x10" cm in the channel. Of

course, it will be understood that for any particular design
rule, device characteristic and process environment the p-type
dopant concentration may be varied accordingly, and that
Some routine design, simulation and/or testing may be nec
essary to optimize the performance of the device in any par
ticular application. Accordingly, the present invention is not
limited to any particular concentration, but, instead, is guided
more by considerations of whether a Sufficient dopant con
centration has been introduced to help contribute to the NDR
effect. More heavily doped n-type regions in the semiconduc
tor Surface region, adjacent to the channel and located at each
end of the gate electrode, form the Source and drain contact
regions 140 and 150 respectively. The electric potential of the
channel can be further adjusted via a body contact terminal

10
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125.

A second modification of present device 100 over a con
ventional transistor is the fact that charge traps or storage
nodes 135 exist in insulating layer 130 between semiconduc
tor substrate 120 and gate electrode 110. These charge traps
are located relatively close to (ideally within 0.5 nm of)
semiconductor-insulator interface 138, so that charges from
semiconductor 120 can be trapped and de-trapped very
quickly. Again it will be understood that this distance figure is
based on the details of the present embodiment, and that for
any particular environment this parameter may vary signifi
cantly, so the present invention is not limited by the particular
details of the same. The key point, of course, is the existence
of these charge traps, or some other physical feature that acts
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field in the channel is large (greater than 10° V/cm). As the

to store electrons. It will be understood of course that the

drawing of FIG. 1 is merely an illustration to better describe
the features of the present invention, and thus the arrangement
and location of the trapping sites 135 is not drawn to scale.
A third modification is that insulating layer 130 between
semiconductor substrate 120 and gate electrode 110 is rela
tively thick (ideally greater than 2 nm) to prevent significant
loss of trapped charge to the gate electrode via tunneling.
Those skilled in the art will again appreciate that this thick
ness is again a function of the particular material, processing
environment, etc., and that the present invention is by no
means limited to Such figure.
With source and body terminals 145 and 125 of device 100
held at ground potential and gate terminal 115 biased suffi
ciently high to turn on the device, the output characteristic
(drain current as a function of drain voltage) of device 100
will exhibit negative differential resistance over a range of
drain Voltages. This aspect of the invention is illustrated in
FIG. 2, where device drain current versus drain voltage is
plotted for two different gate Voltages (Vcs and Vs) to
show how the NDR mode can be affected by a suitable selec
tion of the gate bias Voltage (i.e., the gate-to-source Voltage
Vs). It can be seen that for a fixed gate bias Voltage Vs.
drain current Is increases in a standard operating region 210
(i.e., drain-to-source Voltage V, less than an NDR threshold
Voltage VA) with drain Voltage Vos in a manner similar to
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drain-to-source Voltage increases, the lateral (in the direction
parallel to the semiconductor Surface) electric field increases,
so that a composite (horizontal+vertical) electric field exert
ing force on inversion-layer electrons in the channel
increases. Once this composite electric field reaches a certain
critical value (which of course will be a function of the doping
and geometry of the device) electrons flowing from source
140 to drain 150 will gain sufficient energy between colli
sions to surmount a semiconductor-insulator interface poten
tial barrier. Since the vertical electric field component attracts
the electrons toward gate electrode 110, electrons enter insu
lator 130 and subsequently are captured by the traps or stor
age nodes 135 in the insulator. The presence and accumula
tion of negative charge in insulator 130 dynamically increases
the threshold voltage of device 100 above the standard thresh
old Voltage, thereby changing the mode of operation from the
standard operating region (210) to the NDR operating region
(220). In other words, the electrons accumulated in the traps/
storage nodes 135 operate to set up a counterfield that inhibits
the movement of additional electrons into the channel from

55

the behavior that is seen in drain current for a conventional

NMOS transistor. Surprisingly, however, in an NDR operat
ing region 220 (i.e., drain-to-source Voltage Vs greater than
an NDR threshold voltage V), drain current IDS
decreases with further increases in drain-to-source Voltage
Vs, i.e. the device exhibits an NDR mode with NDR char
acteristics. The drain-to-source Voltage at which the drain
current begins to decrease (i.e., point 225 where Vs V)
is adjustable through suitable selections of channel length,
channel doping, etc. It should be noted that, due to the rela

6
tively high channel dopant concentration and the relatively
thick gate dielectric, the standard threshold voltage of the
NDR FET (i.e., the gate-to-source voltage at which an inver
sion-layer forms in the channel while the NDR FET is oper
ating in standard operating region 210) can be significantly
higher than that of a conventional MOSFET, so that a larger
than typical gate voltage may be used for the NDR FET. As
the gate-to-source bias Voltage Vs increases, the vertical
electric field attracting electrons towards the gate electrode
increases, thereby enhancing the NDR effect.
This behavior by device 100 of the present invention is
rather Surprising, and is apparently the result of physical
mechanisms that have hitherto not been exploited in this area
of semiconductor devices and processing. In the prior art,
band-to-band quantum-mechanical tunneling of charged par
ticles (electrons and/or holes) from one side of a diode to the
other side is known to be the primary mechanism for NDR in
tunneling diodes. In contrast, for device 100 of the present
invention, the physical mechanism appears to be rapid trap
ping of electrons in the gate insulator underneath the gate
electrode, near to (within 0.5 nm of) the semiconductor
insulator interface. Referring to the device structure in FIG. 1,
when device 100 is biased with a sufficiently high gate volt
age such that the channel of the device is in the strong
inversion condition (i.e. when the gate-to-source Voltage is
greater than the standard threshold Voltage), a current flows
between the source and drain terminals 145 and 155 respec
tively of the device if a small voltage is applied between such
terminals. Since the channel is configured to contain a rela
tively high p-type dopant concentration, a vertical (in the
direction perpendicular to the semiconductor Surface) electric
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the source, and reducing an available channel current by
reducing a density of electrons in the channel region. Thus,
the net effect created by the traps/storage nodes 135 of the
present invention is a drastic reduction in the inversion-layer
charge density and commensurate reduction in the current
flowing between the source and the drain. It can be seen
plainly that the amount of net current in the channel that can
be affected by the traps is a function of their number, concen
tration, location, and the bias conditions imposed on device
100, all of which are easily controllable and optimizable for
any particular environment, so that the onset conditions,
strength and operating region for a negative differential resis
tance mode can be tailored and customized as needed.

It is noted that the present disclosure teaches that only a
single species of energetic carriers (hot electrons) are gener

US 7,995,380 B2
7
ated in a channel region and trapped in insulator 130, and both
of these phenomena preferably occur in a Substantially uni
form manner throughout the channel length. This operation,
too, is distinctly different from the case for a conventional
NMOS transistor, in which hot electrons are generally gen
erated in the depletion region of the drain p-n junction, lead
ing to impact ionization and an avalanche effect resulting in
significant numbers of hot holes as well as hot electrons.
Typically, this effect is maximized at a gate-to-source Voltage
which is lower than the drain-to-source Voltage (for example,
at a gate Voltage equal to one half the drain Voltage); hence in

10

a conventional device the vertical electric field in the channel

near the drain junction attracts hot holes, rather than hot
electrons, toward the gate electrode. Clearly, then, this
explains why the creation of hot electrons in a conventional
NMOS transistor (even if it occurs incidentally) cannot pro
duce the negative differential resistance characteristic as

15

described in this invention. Furthermore it is well known that

the injection of hot holes into the gate insulator causes dam
age, adversely affecting the performance and reliability of the
NMOS transistor. In the NDR FET 100 of the present inven
tion, although holes are generated by impactionization in the
channel, they are not injected (or their injection is Substan
tially eliminated to the point where it is negligible from an
operational perspective) into gate insulator 130 because the
vertical electric field repels holes from gate electrode 110.
As a point of further clarification, the mechanism respon
sible for the NDR characteristic of the present invention also
does not require that NDRFET 100 be operating in a conven
tional "pinch-off condition, i.e., in which a gate-to-drain
Voltage is lower thana threshold Voltage so that the inversion
layer charge density in the channel adjacent to the drain is
Zero. In the pinch-off condition, the lateral electric field is
non-uniformly distributed in the channel between the source
and drain: the electric field increases gradually and linearly
with distance away from the source, and then increases expo
nentially in the depletion region of the drain junction, so that
the generation of hot electrons occurs predominantly in the
depletion region of the drain junction, resulting in drain ava
lanche. In contrast, in the present invention, NDRFET 100 is
preferably operated in a “triode' region, so that the electric
field increases uniformly from the source end of the channel
to the drain end. The drain current saturates due to velocity
saturation, not pinch-off, so the current does not increase
linearly with Vs (as seen generally in FIG. 2).
In a preferred embodiment of NDR FET 100, sufficient
bias is applied so that the electrons in the channel become so
energetic that channel hotelectrons are created due to the high
composite electric field in the channel. These channel hot
electrons have sufficient energy imparted from the horizontal
component of this field to surmount the potential barrier at the
semiconductor-insulator interface and enter gate insulator
130 because the vertical electric field component attracts
them toward gate electrode 110. The electrons are captured by
the traps or storage nodes 135 in insulator 130; consequently
the threshold Voltage of the transistor increases dynamically
(above the standard threshold voltage). More charge is
trapped as the drain-to-source Voltage increases (for a con
stant gate Voltage), because the generation of hot carriers (and
thus the percentage of the current that is based on a hot carrier
component) correspondingly increases, and it is these hot
carriers that are trapped. As greater numbers of hot carriers
are trapped, they increase the threshold voltage and thereby
reduce the mobile charge density in the channel by a dispro
portionate amount (compared to the hot-carrier current
charge amount), thus decreasing the drain current dramati
cally. This results in the negative differential resistance in the
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output (drain current versus drain Voltage) characteristic. It
can be seen also that more charge can be trapped by increas
ing the vertical component of the field as well, since this
increases the likelihood that a charged carrier will be forced
into a trap 135 in dielectric layer 130 (the trapping rate), and
also increases a temporary storage/trapping time associated
with the charge. It is not necessary, nonetheless, to trap a
significant number of carriers, because even a small quantity
stored in the trapping sites can be sufficient to deplete the
channel of mobile carriers. It is also preferable to not increase
the vertical field to the point where some deleterious side
effects (dielectric breakdown or lack of fast reversibility of
the NDR effect for example) are seen. In other words, it is
generally desirable to have the charges rapidly trapped and
de-trapped at a particular rate that ensures that the device can
be put into and out of an NDR mode or operating region
quickly, instead of being confined to working within a par
ticular region. Other techniques for increasing the amount of
trapped charges, and the trapping/detrapping rates will be
apparent to those skilled in the art. For instance, it may not be
necessary in fact in some applications, to make the electrons
“hot” because they will still be swept by the vertical field into
the trapping sites.
Thus, the present invention uses an approach that is in
contrast to that of prior art which has charge traps, such as
U.S. Pat. No. 5,633,178. In the prior art, the emphasis has
been on retaining the charge as long as possible, and this
reference for example specifically discloses using a refresh
operation to keep the logic state. Accordingly, there is no
effort made in the prior art to implement or Sustain a dynamic
process where charges are continually trapped and
de-trapped. In fact conventional disclosures discourage such
condition because it has been perceived to date as an unde
sirable situation, and so this explains, too, why Such refer
ences do not describe configuring a FET channel to have a
structure and doping characteristics that would facilitate this
type of trapping/detrapping mechanism.
The drain current and therefore the negative differential
resistance in this invention can be adjusted by varying the gate
voltage as seen in FIG. 2. As seen also in FIG. 2, the invention
can be seen as exploiting the fact that, as the threshold Voltage
V, dynamically increases (because of the accumulation of
trapped charges) with increasing drain-to-source Voltage
Vs, a drain current Is (which is proportional to gate bias
Voltage Vs minus threshold Voltage V) will first increase,
and then beginto decrease as V, begins to exceedVs and thus
dominate the behavior of the device. Thus unlike conven

50

55

60

65

tional MOSFET current conduction curves 229 (indicated by
the dashed curves), which rise and plateau at a steady maxi
mum current with increasing drain-to-source Voltage VDS,
the current response curve for an NDRFET (e.g., curve 228)
includes the standard operating region 210 (drain-to-source
voltageVDS less than NDR threshold voltage VNDR) and the
NDR operating region 220 (drain-to-source voltage VDS
greater than NDR threshold voltage VNDR).
In region 210, current conduction curve 228 exhibits a
steep rise as drain-to-source Voltage VDS increases from
Zero, similar to the current response characteristics of con
ventional MOSFET transistors (e.g., curves 229). However,
once the drain-to-source voltage VDS of the NDR FET
exceeds NDR threshold voltage VNDR in region 220, the
current conduction of the NDRFET rapidly drops back down
to essentially Zero as the increasing accumulation of trapped
charge raises the threshold voltage of the NDRFET above the
standard threshold voltage. In essence, the NDR FET is
turned off once drain-to-source voltage VDS is slightly
greater than NDR threshold voltage VNDR. The so-called
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“peak-to-valley ratio” or “PVR', (i.e., the ratio between the
maximum current conduction during non-NDR operation
(i.e., in region 210) and the minimum current conduction
during NDR operation (i.e., in region 220)), which is a key
figure of merit in NDR devices, can also be tuned in the
present invention through suitable combinations of doping
concentrations, device geometries and applied Voltages.
Peak-to-valley ratios in the range of one million and greater
can be readily achieved for the NDR device 100 described
with respect to FIG. 1.
The present invention bears some resemblance to a leaky
(or Volatile) floating gate storage device. However, the trap
ping and de-trapping of electrons in gate insulator 130 of
NDR-MISFET 100 are very rapid processes, as compared to
the programming and erase processes of a conventional float
ing-gate non-volatile memory device, so that the threshold
voltage of NDR-MISFET 100 can respond dynamically to
changes in a gate-to-source Voltage and/or a drain-to-source
Voltage. In fact, while conventional memory devices require
extensive pre-programming and erase cycle times to change
threshold states, the threshold voltage of the present device
responds to the applied source to drain bias Voltage with
minimal delay. Thus, it can change and reverse a threshold
(and thus achieve an NDR mode) in substantially the same
time as it takes for device 100 to turn the channel on or offin

response to Such bias conditions. For any given bias condition
(fixed gate-to-source and drain-to-source Voltages), a steady
state condition exists in which electrons are continually being
rapidly trapped, stored, and de-trapped, maintaining a fixed
amount of net charge trapped in gate insulator 130. The fixed
amount of net charge trapped in the gate insulator is depen
dent on the particular voltage bias conditions applied to
device 100. As the gate-to-source voltage and/or the drain-to
Source Voltage changes, the balance of the trapping and de
trapping processes changes, thereby changing the fixed
amount of net charge trapped in the gate insulator and
dynamically changing the threshold Voltage. This means the
net NDR effect can be controlled through two different bias
parameters, a significant advantage again over conventional
two terminal NDR devices. Furthermore, the negative differ
ential resistance characteristic is seen not only as the drain
to-source Voltage is increased from Zero Volts to a high value
(such that hot electrons are trapped in gate insulator 130), but
also in the reverse direction as the drain-to-source Voltage is
decreased from a high value to Zero Volts. It is expected, in
fact that the threshold voltage variability/reversibility can be
tailored to be relatively symmetric, so that it can thus be
adjusted from a relatively low voltage value to a relatively
high Voltage value inapproximately the same time required to
adjust the threshold Voltage from a relatively high Voltage
value to a relatively low voltage value.
As intimated above, the inventors believe that at higher
drain to source Voltages another feature of the present inven
tion will be apparent, and that is the relatively high percentage
of hot carriers in the channel current. Namely, since hot
carriers are generated at a faster rate as the drain to Source
voltage increases the inventors believe that the net result is
that eventually the hot carrier current component of the chan
nel current will become dominant, and thus eventually con
stitute the only current component in the channel, even if it is
extremely small overall. The relative percentage of hot carri
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single channel basis. The trapping time, temporary storage
time, and detrapping time making up Such delay can be con
trolled as a function of the applied horizontal and vertical
electrical fields, and this aspect might be exploited in other
environments.

As explained herein, the p-type dopant concentration in the
Surface region of the semiconductor underneath the gate elec
trode should be relatively high. This is to ensure that the

vertical electric field is high (greater than 10° V/cm) when the
10

in the channel. A conventional NMOS transistor with channel
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length less than 250 nm may (in Some applications) have Such
a high channel dopant concentration, but it will not achieve
the results of the present invention because this structure
alone is insufficient to bring about an NDR effect. In a pre
ferred embodiment, the doping concentration is made slightly
graded, so that the concentration of dopant is slightly lower at
the semiconductor Surface, and then peaks at Some relatively
small distance (below 30 nm) below the surface. This is done
in order to achieve a built-in electric field, which in turn serves
to confine electrons near the Surface of the semiconductor,
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and thus further enhances the injection of electrons into the
trapping sites in the dielectric. Again, other doping concen
trations and techniques can also be employed to induce this
same phenomenon.
Furthermore, to minimize the possibility of drain ava
lanche, a preferred embodiment herein teaches that the drain
dopant-concentration profile at the junction with the channel
is made to be relatively lightly doped. This not only mini
mizes the impactionization current between the drain and the
channel, but also has the side benefit of minimizing the
capacitance between them. By minimizing the drain junction
capacitance to the channel, the overall device Switching per
formance is enhanced and the device thus operates faster.
Those skilled in the art will appreciate that there are other
ways to enhance the generation of hot electrons in the channel
in addition to those described herein, and the present inven
tion is not limited to any particular implementation of the
SaC.
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A preferred embodiment also confines the relatively high
dopant concentration in the channel to the Surface region only,
so that the dopant concentration in the channel region is
initially low (to confine electrons to the Surface region), then
increases, and then is made lower away from the Surface to
achieve the effect of low drain-junction capacitance. As
alluded to earlier, the present invention is not limited to any
particular doping concentration and profile of the dopant in
the channel, because the range of such parameters necessary
to bring about the NDR effect will vary from device to device
of course, depending on the size, geometry, intended func
tion, etc., of the device, but these details can be gleaned with
routine and conventional simulation and testings for any par
ticular application, in the same manner as is done for any
other conventional semiconductor device. As explained pre
viously, the high Surface dopant concentration in the channel
should also be offset from the highest dopant concentration in
drain region 150 through the use of lightly doped drain (LDD)
Structures.

60

ers in the channel current, therefore, can be controlled, and

this feature of the invention may be beneficial in other appli
cation environments.

Another aspect of the invention that is potentially useful is
the fact that the trapping sites of the present invention can be
thought of as introducing a form of current/charge delay on a

transistoris turned on, to promote the creation of hotelectrons
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One additional and very desirable feature of the present
invention is that the drain Voltage at the onset of negative
differential resistance can be scaled with the scaling of the
CMOS technology. In other words, as the transistor channel
length is reduced, the drain Voltage required to reach the
critical composite electric field in the channel (corresponding
to the onset of negative differential resistance) is commensu
rately reduced. This aspect of the invention ensures that the
structures and methods taught herein are guaranteed to have
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Substantial and meaningful future utility in advanced genera
tions of devices and products that are made using Smaller
geometries, lower bias conditions, etc. than those currently
available.

As is evident, a key feature of NDR-MISFET 100 is that
charge traps or storage nodes 135 exist in gate insulator 130,
very near to (within 0.5 nm of) the semiconductor-insulator
interface, so that electrons can be trapped and de-trapped very
quickly. The creation and distribution/location of Such traps
135 can be accomplished in any number of ways that are
compatible with conventional semiconductor processing
techniques. For example, traps 135 can consist of defect sites
within gate dielectric 130 as shown in FIG. 1, or interfacial
traps 135 between two or more layers of a multi-layered
gate-insulator Stack, or one or more electrically isolated
(“floating) conductor or semiconductor electrodes 137
embedded within a gate insulator 130 (made up of two layers
130' and 130" sandwiching the embedded electrode 137) as
shown in FIG. 3. The only important consideration is that the
carrier trapping sites are configured for trapping carriers that
are electrically biased by an electrical control field (i.e., the
combined effect of bias conditions resulting from the channel
doping, the gate to source Voltage, the Source to drain Voltage)
to move from the channel into insulator/dielectric layer 130.
This can be done in any number of different concentrations
and arrangements within layer 130 so that the channel current
can be varied all the way from essentially Zero (no conduc
tion) to full conduction in accordance with the strength of the
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130 is formed to have a thickness of at least 2 nm. Other

implementations of insulator material for layer 130 include

Silicon Nitride (SiNa), or Silicon Oxynitride (SiO.N.), or a

25

electrical control field.

In a preferred embodiment of the present invention, Boron
atoms incorporated into gate insulator 130 during a thermal
oxidation of heavily boron-doped silicon serve to provide
defect sites which readily trap charge. Alternative embodi
ments may employ alternative dopant species Such as Indium
to form charge traps 135, and the present invention is not
limited to any particular dopant species in this regard.
As mentioned, other possible embodiments may employ a
multi-layered gate insulator, for example a very thin interfa
cial layer of silicon dioxide and a thicker layer of a second
dielectric material Such as silicon nitride, with charge-trap
ping sites at the dielectric-dielectric interface. Further pos
sible embodiments may incorporate islands of metal, silicon
or germanium nanocrystals embedded within gate insulator,
or perhaps even a single continuous floating gate electrode
(FIG. 3) 137, to trap charge. In fact, the present approach can
be taken to an extreme to effectuate a new type of non-volatile
floating gate electrode for a flash memory cell. It can be seen
that complete non-volatility can be achieved by simply locat
ing the trapping sites Sufficiently far away from the interface
so that the charge does not leak off after it is put there (using
conventional programming techniques). This type of discon
tinuous floating gate electrode, formed as a multitude of
trapping sites distributed in the gate dielectric, may have
significant operating advantages over conventional continu
ous electrode. In particular, in the distributed charge storage
sites aspect of the present invention, the trapped charge has
less mobility than an electron in a sheet type electrode, and
thus the charge storage sites are less likely to leak the stored
charge (individually and in the aggregate of course) to the
Source/drain regions. This in turn means that the charge Stor
age sites can be located closer to the channel, and thus the gate
insulating layer can be thinner, the programming Voltage
and/or current Smaller, etc. Other methods and techniques for
creating and distributing traps 135 in a fashion suitable for
achieving an NDR effect, and any non-volatile effects as
shown herein will be apparent to those skilled in the art from
the present teachings, and can be further gleaned from the
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descriptions given in the aforementioned prior art references
for creating different types and arrangements of charge traps.
To enhance the electron trapping stemming from the gen
eration of hot electrons in the channel (since it is the primary
mechanism responsible for the negative differential resis
tance characteristic) the present disclosure also teaches a
preferred embodiment of an insulator 130 for retaining the
trapped charge under highgate-Voltage bias. To avoid the loss
of trapped electrons to gate electrode 110 via tunneling
through gate insulator 130, the latter should have sufficient
thickness to prevent or at least Substantially reduce Such tun
neling effects. In a preferred embodiment insulator 130 is
silicon dioxide formed by either one of, or a combination of
conventional thermal oxidation and deposition techniques.
As referred to earlier, to avoid significant loss of trapped
charge due to quantum-mechanical tunneling, gate insulator
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high-permittivity dielectric (relative permittivity greater than
8). The use of a high-permittivity gate dielectric is advanta
geous for achieving high area gate capacitance, which facili
tates adequate gate control of the channel potential. Again, the
present invention is not restricted to any particular selection
of thickness and material for insulator layer 130, and other
variations/techniques for achieving a reduction in quantum
mechanical tunneling known in the art can be used to the
extent they are compatible with the present objectives.
For a preferred embodiment of this invention, polycrystal
line silicon (poly-Si) is used as the material for gate-electrode
110. Other possible embodiments may utilize alternative gate
materials such as polycrystalline silicon-germanium or met
als, or any number of other conventional materials.
An exemplary process for fabricating the NDR-MISFET in
a conventional CMOS fabrication facility is depicted in FIG.
4. A standard p-type silicon starting Substrate 120 is first
processed through standard isolation-structure-formation
process steps; the surface of substrate 120 is then moderately

doped (to ~5x10" cm) by a shallow Boron implant. Sub
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sequent to this a deposition of silicon dioxide (~3 nm) is done
(orthermal oxidation) in a manner so that the Boron becomes
incorporated into a gate insulator 130 near the surface of
silicon substrate 120. The resultant dopant concentration in
the Si channel near the surface is several times lower than it is
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directly after the implant step above, due to segregation of
Boron into gate insulator 130. As noted earlier, the Boron
dopant then acts effectively as an electron trap during opera
tion of device 100. In contrast to some of the prior art implan
tation techniques discussed earlier, the oxidation step appears
to incorporate the Boron in a manner that facilitates shallow
electron traps, making it easier for charge to move in and out
of gate insulator 130.
Next, polycrystalline silicon is deposited and patterned to
form gate electrode 110. N-type dopant ions such as Arsenic
are Subsequently implanted at moderate dose to form the
lightly doped source/drain regions self-aligned to gate 110.
after which sidewall spacers (not shown) are formed by con
formal deposition and anisotropic etching of an insulating
layer Such as silicon nitride. Deep source/drain contact
regions 140 and 150 are then formed by ion implantation of
Arsenic or Phosphorus and thermal annealing to activate the
dopants. Device fabrication is completed with standard pas
Sivation, contact and metallization processes. While not
explicitly shown, it is apparent, because only conventional
processing is required, that other CMOS devices can be
formed in the same mask with the present NDR device 100, so
that, for example, memory and logic circuits can beformed at
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the same time as the present device, and thus integrated
directly to form a conventional CMOS circuit having NDR
capability. While the above is explained with reference to a
CMOS process, it will be appreciated by those skilled in the
art that other types of starting semiconductor materials could
also be used instead. Suitable and/or optimal processing con
ditions for achieving the NDR mode in any particular CMOS
compatible environment will be easily designed and deter
mined by those skilled in the art through conventional mod
eling and experimentation techniques.
As a final note it is preferable that during normal operation
of device 100 that a body contact (V) should be electrically
biased (e.g. at a fixed potential of 0 Volts, as is typical for
n-channel MOSFETS). If body terminal (V) is not con
nected (i.e. is “floating”) then the NDR behavior may be
drastically diminished or even eliminated. This is because
holes which are generated by hot electrons will accumulate at
the channel-to-source junction, forward biasing the junction
and effectively reducing the transistor threshold voltage
(counteracting the charge-trapping effect of increasing the
threshold voltage), if the holes are not allowed to flow out of
the channel region through the body contact. Thus, if NDR
MISFET 100 is implemented in a silicon-on-insulator sub
strate, or in a thin film of polycrystalline silicon, care should
be taken to provide a body contact. This aspect of the inven
tion can also be exploited of course for certain applications,
where it may be potentially useful to be able to turn on or turn
off the NDR mode by connecting or disconnecting (switch
ing) a bias Voltage to body terminal V, respectively.
With the prior art, even if a device exhibiting adequate
negative differential resistance can be produced, it is still a
daunting task to integrate such a device into a conventional
CMOS process. Since the device in this invention is inher
ently an NMOS structure, integration of this device with
conventional logic CMOS devices is straightforward. The
illustrative flow in FIG. 4 allows an NDR device process
module to be completely de-coupled from a conventional
process, to allow for independent optimization of the NDR
devices and the CMOS devices. This makes it more straight
forward to scale the NDR device in this invention with future
generations of CMOS integrated-circuit technology.
Additional Processing Variations
Theoretical analyses performed by the inventors indicate
that the following conditions and additional process details
can be sufficient to achieve an NDRFET in a deep-submicron
CMOS technology. In particular, our results show that a peak

14
lute value that might be implanted during any particular pro
cessing step, or which might be present during any interme
diate step. In other words, regardless of the intervening
doping operations, the present invention can be implemented
in any fashion so long as the final p-type dopant concentration

in the channel is on the order of 1x10" cm or higher,

because this permits an appropriate electric field strength to
be generated in the channel. In fact, as is apparent from the
above, the onset of the NDR behavior can be controlled as
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(greater than 5x10 cm) may be desirable for some archi
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electric field in the channel on the order of 0.5 MV/cm or

higher is preferable. Furthermore, we have also discovered
that water (HO) or Hydrogen can be used to form the afore
mentioned charge traps, in addition to the other species noted
earlier. In a preferred approach, hydrogen-related traps are
formed by oxidation of heavily boron doped Si followed by a
Subsequent anneal in a steam ambient or a hydrogen ion
implantation step and a Subsequent thermal annealing step. It
is believed (but has not been confirmed) that the boron assists
in the formation of hydrogen-related traps.
In addition, it is further preferable, for at least some geom
etries, to not use structures that may inhibit the generation of
hot carriers in the channel, or significantly reduce the peak
electric field. For example, some forms of conventional
lightly doped drain (LDD) structures can impede the genera
tion of such carriers, particularly if they are formed prior to
the channel doping noted above.
Furthermore, in the discussions above pertaining to the
preferred level of p-type dopant concentration in the channel,
it will be understood by those skilled in the art that this refers
to a "net p type concentration level, and not the actual abso

well by appropriate tailoring of the channel doping concen
tration as well. It should be noted that these figures are merely
preferable for existing geometries, and that other Suitable
values will be determinable by those skilled in the art for other
geometries, structures, etc., based on the present teachings
and other well-known techniques.
In another variation, a preferred embodiment of the present
invention can also include a counter-doping step to tailor the
NDR FET threshold voltage. In one embodiment, the NDR
FET can be produced with a negative standard threshold
Voltage. The counter-doping step can be performed after the
channel doping operation noted earlier to reduce the net
p-type concentration in the channel. A higher level of Boron
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tectures implemented in deep Submicron technologies. Con
ventional thermal annealing is also preferably employed to
help incorporate some of the Boron into the gate dielectric so
that it will facilitate the creation of appropriately configured
trapping sites.
In yet another variation, although it is preferable in some
substrates and applications that the body of the NDR FET be
biased (e.g. at OV) to minimize the “floating body’ effect, it
is possible to tailor the design of the NDRFET to ensure that
NDR behavior is maintained in the absence of a body bias.
For example, the body thickness can be made sufficiently thin
so as to be fully depleted, to minimize the accumulation of
holes at the channel-to-source junction. Thus, it is possible to
implement the NDR FET using a silicon-on-insulator (SOI)
Substrate, without providing a body contact, for compact
integration. Compatibility with SOI substrates is a useful
feature, since Such substrates will increasingly be used in IC
manufacturing to achieve higher circuit operation speeds with
lower power consumption, due to significant reductions in
interconnect and junction capacitance.
As discussed above, a preferred primary mechanism for
achieving NDR behavior in an insulated gate field-effect tran
sistor is to trap energetic (“hot”) carriers from a channel. The
traps should be configured preferably so that a trap energy
level should be higher than the semiconductor conduction
band edge, in order for it to primarily (if not exclusively) trap
hot carriers. For example, a trap which is energetically
located 0.5 eV above the semiconductor conduction band
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edge can only trap electrons from the semiconductor which
have kinetic energy equal to or greater than 0.5 eV. For high
speed NDR FET operation, it is desirable to have the carrier
trapping and de-trapping processes occur as quickly as pos
sible. As described in the above preferred embodiment, this
result is achieved by placing traps in close proximity to the
channel, i.e. within 0.5 nm of the gate-dielectric/semiconduc
tor interface as previously stated.
A similar (if not Superior in most cases) result would result
if the traps were located right at the interface itself. In this
regard it should be noted that interface traps which are ener
getically located well above the semiconductor conduction
band edge will have no effect on FET performance until a
significant percentage of the mobile carriers in the channel
have sufficient kinetic energy to become trapped. The forma
tion of such interface traps would also be preferable from a
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process integration standpoint, because it would eliminate the
need to selectively form a separate trap-containing dielectric
layer in the NDR FET regions of the semiconductor surface.
Accordingly, in Such instance an appropriate dopant or ion
species (of the type mentioned earlier) could be implanted/
diffused to position the traps in Such interface region instead.
The particulars of Such implantation and/or diffusion opera
tions will vary from implementation to implementation of
course based on the particular geometry, layer compositions,
layer thicknesses, desired trap characteristics, desired trap
locations, etc., and thus the appropriate process parameters,
including ion implantation energies and species will be easily
determined through routine optimization by those skilled in
the art.

Anotherapparent observation from the present teachings is
the fact that devices employing the present invention utilize a
type of tunneling to a charge “trap', and not tunneling to a
conduction band per se as required in conventional NDR
devices such as tunnel diodes. All that is required is that the
carriers be given Sufficient energy to penetrate the semicon
ductor-insulator interface potential barrier, and then be
trapped by traps within one or more dielectric layers (includ
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n-type channel, these features can be formed at the same time
during a manufacturing process.
Accordingly, a very beneficial use of the NDR FET of the
present invention would include as a substitute for the NDR
devices of an SRAM memory cell of the type noted in FIGS.
1a and 1b of U.S. Pat. No. 6,294,412 noted earlier, as either a

pull-down or pull-up element in series with an appropriately

biased IGFET. In such an embodiment, structural features
10

semiconductor die? wafer can all be formed at the same time
15

sistor 520 is connected to a data (bit) line 530. The gate of
25

access transistor 520 is connected to a word line 540. Thus,

such 2T SRAM cell requires four input/output lines: Vss,
Vbias, WORD, BIT. Data is stored at node 550 shared by
NDR FET 510 and access transistor 520.

To write data into cell 500, BIT line 530 is driven to an

30

35

appropriate logic level (HI or LO, e.g. corresponding to a
power supply Vdd or Vss, respectively), and then WORD line
540 is pulsed to a high voltage (e.g. Vdd--Vt, where Vit is the
threshold voltage of the access transistor 520). If the data to be
written is HI, then storage node (SN) 550 is charged to the HI
level through access transistor 520, and thereafter no current
flows through the NDR FET 510 because its drain-to-source
voltage V, is Zero. If the data to be written is LO, then SN
550 will be discharged to Vss, and NDR FET 510 enters the
NDR mode and hence turns off.

40

Thus, once data is written onto SN 550, the NDR FET 510

conducts very little or no current to achieve low standby
power consumption. A pulse width (in units of time) of a
WORD line voltage pulse should be wide enough to allow SN
550 to be charged fully to the HI level, or discharged fully to
45
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the LO level, and to allow NDRFET 510 to switch from NDR

mode to non-NDR mode or vice versa. Accordingly the pulse
width will vary of course from circuit to circuit and can be
determined in accordance with well-known techniques.
To read data from cell 500, BIT line 530 is preferably
precharged to the HI level, and then connected to the input of
a conventional sense amplifier (not shown). WORD line 540
is then pulsed to a high voltage. If the data stored is HI, then
SN 550 will not pull down the voltage on BIT line 530
through access transistor 520. If the data stored is LOW, then
SN 550 will pull down the voltage on BIT line 530 through
access transistor 520. As the BIT line voltage is pulled down,
the voltage on SN 550 will rise, so that NDR FET 510 will
turn on and help pull the BIT line voltage down through
access transistor 520.

60

CCSS,

In contrast, in the present invention, an NDRFET does not
require any non-standard processes and only requires that an
additional signal line be provided to control a gate of Such
FET as noted above. Furthermore, since a channel region of
the NDRFET uses a dopant common to a conventional insu
lated gate field effect transistor (IGFET), i.e., such as an

during common operations and thus shared with an NDRFET
of the present invention. From a process integration perspec
tive, the present approach provides a Substantial advantage,
therefore, over mixed process load technologies.
Referring to FIG. 5, therefore, a preferred embodiment of
a 2T SRAM cell 500 uses an NDR FET 510 including a gate
electrode that is biased by an input signal Vbias (which can be
fixed, or can be clocked). An NDR FET source is biased at a
low potential VSS (e.g. OV, or ground); its drain is connected
to one of the source/drain terminals of an n-channel access
transistor 520. The other source? drain terminal of access tran

ing any or all of the SiO, SiO, N, and SiN layers mentioned

above). Thus, it is not necessary to set up a complicated set of
precisely tuned layers in a particular fashion to achieve a
continuous set of conduction bands as required in conven
tional NDR devices, and this is another reason why the
present invention is expected to achieve more widespread use
than competing technologies.
As an additional variation, the NDR FET of the present
invention can be used to eliminate the need for p-channel
transistors in low-power memory and logic circuits, including
for example in an SRAM cell or in an inverter. In this regard,
the invention provides the capability to implement low-power
memory and/or logic functions using an all-NMOS (only
n-channel devices) technology. Conventional CMOS tech
nology requires significantly higher process complexity than
an all-NMOS technology because of the need to define sepa
rate, electrically isolated n-type and p-type well regions, as
well as separate n-type and p-type source/drain extension and
contact regions. The present invention therefore provides the
means to achieve more compact, simpler and overall less
expensive circuit architectures and manufacturing processes.
While prior art devices (including memory cells) using
single-type transistors are well-known, such devices have
typically used either an active or passive load device, includ
ing for example a transistor and/or an implanted resistor or
thin film resistor. The primary disadvantages of these past
approaches are:
1. Significant static power dissipation
2. Reduced output voltage swing (difference between
“high” and “low” values of output voltage)
Furthermore, some prior art NDR devices have been pro
posed as load devices for an SRAM cell (see U.S. Pat. No.
6.294,412 which is incorporated by reference herein) to
reduce overall cell size, but these implementations have been
limited to two terminal tunneling diodes, which require a
specialized sequence of processing steps and hence would
increase the complexity and cost of the IC fabrication pro

critical to the operation of an IGFET shown therein, including
for example, a gate insulation layer, source/drain regions,
isolation regions, contacts, gate electrodes, etc., formed in a
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A sense amplifier can be designed through any conven
tional techniques to quickly detect (within nanoseconds)
whether or not the BIT line voltage is being pulled down, and
then amplify the data signal (e.g. outputs a Voltage VSS if it
detects that the BIT line Voltage is dropping, otherwise main
tains a high output Voltage).
It should be noted that for fast data sensing (within 1 ns), a
differential amplifier (requiring 2 inputs instead of 1) is pref
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erable. In such cases a neighboring BIT line or “dummy’ BIT
line can be precharged to an appropriate level (e.g. Vdd/2) and
used to provide the second input signal to the differential
sense amplifier.
To compensate for potential leakage current and/or alpha
particle strikes, a periodic refresh can be performed to ensure
that any HIVoltages do not degrade with time.
It will be apparent to those skilled in the art the aforemen
tioned NDR device can be advantageously employed in both
memory and logic applications, and in the types of circuits as
described in the prior art, i.e., as a memory device, as part of
a logic circuit, a self-latching logic device, an amplifier, an
oscillator, power management, and many other environments
where its useful characteristics can be exploited.
DRAM Cell with NDR Pull-up Element
As noted above, a conventional DRAM device requires a
refresh operation to maintain the state of data values stored in
Such device. The refresh operation in turn requires a signifi
cant amount of additional circuitry “overhead' to implement.
The complexity of this refresh circuitry is based in large part
on the need to prevent refresh operations from occurring at
the same time as a read or write operation (simultaneous
refresh/read operations or refresh/write operations can result
in corrupted data). Moreover, the refresh operation consumes
power and restricts the bandwidth/throughput of a DRAM
device, since the latter is inaccessible for a read/write opera
tion during Such refresh periods.
A memory cell 600 incorporating a simplified refresh
operation is depicted in FIG. 6A. Note that for explanatory
purposes, memory cell 600 is designated as a “dynamic'
memory cell due to the structural similarities with a conven
tional DRAM cell. Note, however, that this is merely a con
Venient simplified pedagogical label, and that memory cell
600 can be considered instead as a type of hybrid between a
DRAM and an SRAM cell, and/or as a pseudo-static type of
cell since the “refresh' operation takes place internally within
the cell. The particular terminology is again not critical to the
present invention, and the benefits of the present teachings
will be understood by those skilled in the art to be useful in
any memory application where it is necessary to maintain a
cell storage node at a particular potential, and to compensate
for cell leakage.
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LOW level, NDR FET 610 has no effect on the data stored in
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Unless otherwise noted, like numbered structures in FIG.

6A are intended to be substantially similar those already
discussed in FIG. 5. Thus, in one embodiment, DRAM cell
600 includes an NDRFET 610, an access transistor 620, and

a capacitor 625. NDR FET 610 and capacitor 625 are con
nected in series between a high Voltage Supply terminal (e.g.,
the nominal cell operating Voltage; i.e., upper Supply Voltage
V) and ground (i.e., the lower (ground) supply Voltage
Vss), and access transistor 620 is connected between a bit
(data) line 630 and a storage node 650 at the junction between
NDR FET 610 and capacitor 625. In one embodiment, NDR
FET 610 and access transistor 620 can share a terminal (i.e.,
a common source/drain terminal). In another embodiment,
NDR FET 610 and access transistor 620 may beformed on an
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SOI substrate. Note that while access transistor 620 is

depicted and described as being an n-channel device for
exemplary purposes, in various other embodiments access
transistor 620 can be formed as a p-channel device.
The gate of access transistor 620 is connected to a word line
640, while the gate of NDR FET 610 is coupled to receive a
pulsed gate bias signal VBIAS (described in greater detail
below). Capacitor 625 can be any type of well-known device
used for DRAM cells, such as a planar type capacitor, a crown
type capacitor, a trench pillar type capacitor, and a fin/cylin
der type capacitor, among others. In one embodiment, capaci
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tor 625 can be formed in the metal (and dielectric) layers
above the bit line 630 (e.g., "stacked-capacitor DRAM con
struction).
To write data into memory cell 600, bit line 630 is driven to
an appropriate logic level (i.e., either a logic HIGH level or a
logic LOW level, which typically correspond to an upper
Supply Voltage V, and a lower Supply Voltage Vss (ground),
respectively), and normally LOW word line 640 is pulsed to
a logic HIGH voltage (e.g., to upper supply Voltage V). The
logic HIGH pulse on word line 640 turns on access transistor
620, thereby allowing the logic level on bit line 630 to be
stored on capacitor 625. If access transistor 620 is a p-channel
device, then the word line 640 is normally HIGH and pulsed
to a logic LOW voltage to write data into memory cell 600.
Thus, if the data to be written into memory cell 600 is a logical
“1” (i.e., a logic HIGH level), then bit line 630 charges capaci
tor 625 (if necessary) to the logic HIGH level through access
transistor 620 (just as in a conventional DRAM cell), so that
the logic HIGH state is maintained at storage node (SN) 650.
Similarly, if the data to be written into memory cell 600 is a
logical “0” (i.e., a logic LOW level), then bit line 630 dis
charges capacitor 625 (if necessary) to the logic LOW level
through access transistor 620.
During operation of memory cell 600, NDR FET 610, in
response to pulsed gate bias signal Vs., ensures that the
desired logic level is maintained at storage node 650. Pulsed
gate bias signal Vs is a normally LOW signal that is pulsed
to a high-bias level at predetermined intervals. (AS is known
in the art, the “gate bias’ for a FET represents the gate voltage
relative to the source voltage of the FET, i.e., Vg minus Vs.)
When pulsed gate bias signal VBIAS is at a logic LOW level,
the gate-source voltage potential for NDR FET 610 is insuf
ficient to create an inversion layer in the channel region of
NDR FET 610, thereby ensuring that NDR FET 610 remains
off. Thus, while pulsed gate bias signal Vs is at a logic
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memory cell 600.
The high-bias level of pulsed gate bias signal VBIAS can
be any voltage level greater than the standard threshold volt
age of NDR FET 610 (i.e., the threshold voltage while oper
ating in the standard operating region (region 210 in FIG.2)).
For example, in one embodiment, the high-bias level may be
the standard threshold voltage of NDR FET 610 plus one half
to one volt. Note that the high-bias level may be reduced by
producing NDR FET 610 with a negative standard threshold
Voltage. In another embodiment, the high-bias level may be
the upper Supply Voltage VDD. In any case, when pulsed gate
bias signal Vs is pulsed to the high-bias level, the behavior
of NDR FET 610 depends on the data value stored at SN 650
(i.e., the Voltage stored on capacitor 625).
For example, if a logic HIGH voltage is stored on capacitor
615, NDR FET 610 will exhibit a relatively low drain-to
Source Voltage Vs, and the high-bias level of gate bias signal
VBIAS will cause NDR FET 610 to operate in the standard
operating region 210 (i.e., the current conducting behavior to
the left of NDR threshold voltage VNDR shown in FIG. 2).
Thus, if the voltage on capacitor 615 decreases from the
nominal logic HIGH Voltage (e.g., due to leakage current
through access transistor 620), the drain-to-source Voltage
VDS of NDR FET 610 will exhibit a corresponding increase,
which in turn will cause NDRFET 610 to turn on (i.e., cause
NDR FET 610 to conduct a relatively large current) to
recharge capacitor 615, thereby maintaining the desired logic
HIGH voltage at SN 650.
Note that as indicated by the current response curves in
FIG. 2 (e.g., curve 228), the current flow through NDR FET
610 rapidly increases with increasing drain-to-source Voltage
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VDS. Therefore, the more the stored voltage deviates from
the desired logic HIGH level (i.e., the greater the charge
leakage from capacitor 615), the greater the current flow
through NDR FET 610 that will occur during a high-bias
pulse of pulsed gate bias signal VBIAS, and the faster capaci
tor 615 will be recharged.
On the other hand, if a logic LOW level is stored at SN 650,
the drain-to-source voltage VDS of NDR FET 610 is rela
tively high. Therefore, NDRFET 610 will operate in the NDR
operating region 220 (i.e., the region to the right of NDR
threshold voltage VNDR in FIG. 2), and will conduct a mini
mal amount of current regardless of the state of pulsed gate
bias signal VBIAS (i.e., NDR FET 610 is turned off by the
relatively large drain-to-source voltage VDS). Therefore, a
logic LOW voltage stored on capacitor 615 will remain rela
tively unchanged even as pulsed gate bias signal VBIAS
switches between logic LOW and the high-bias levels at the
gate of NDR FET 610.

20
vided once every millisecond as pulsed gate bias signal
VBIAS can provide ample refresh capabilities for memory
cell 600.

Note that cell 600 can be considered a form of pseudo static
memory cell, since a type of “refresh occurs within the cell
itself. In essence, this is an NDR based refresh that is more
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cated time interval that can interfere with desired read/write
15

For example, if a read/write operation is performed while
pulsed gate bias signal VBIAS is at a logic LOW level, NDR
FET 610 will be off and will have no effect on the read/write
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In this manner, NDRFET 610 ensures that the desired data

is maintained within memory cell 600. Note that due to the
high PVR of NDR FET 610, the high-bias pulses in pulsed
gate bias signal VBIAS need only be a very small fraction of
the total pulsed gate bias signal VBIAS. In other words,
because a very high current can be conducted by NDR FET
610 when pulsed gate bias signal VBIAS is pulsed to its
high-bias level, the actual length of time at which pulsed gate
bias signal VBIAS must remain in that high-bias level can be
relatively short. For example, if NDR FET 610 has a PVR of
about one million, a nanosecond-long high-bias pulse pro

operation. Furthermore, even if the read/write operation hap
pens to coincide with a logic HIGH pulse of pulsed gate bias
signal VBIAS, the NDR behavior of NDR FET 610 will still
ensure that the read/write operation is performed Success
fully.
Alternatively, if a logic HIGH voltage is originally stored
on capacitor 615 and a logic LOW value is subsequently
written into memory cell 600, NDR FET 610 could poten
tially be turned on during that logic LOW write operation
(i.e., if some charge leakage has occurred from capacitor 615
and pulsed gate bias signal VBIAS is in a logic HIGH state
when access transistor 620 is turned on). However, as soon as
access transistor 620 couples the logic LOW voltage on bit
line 630 to storage node 650 (and hence, to the source of NDR
FET 610), the drain-to-source voltage of NDR FET 610 is
increased above the NDR threshold voltage (shown in FIG.
2), and NDRFET 610 switches to the NDR mode of operation
which turns off NDR FET 610 to minimize current conduc

NDR FET 610. In other words, the other elements in cell 600

can have a leakage characteristic which mirrors that of NDR
FET 610 but in an opposite fashion, so that as NDR FET 610
“leaks' charge to storage node 650 at a particular rate in an
OFF state, the other elements similarly leak such charge to
other paths at an equivalent rate. Again, the specific imple
mentation details will vary from device to device and can be
determined using routine design techniques.

operations, and thus the lack of the same in embodiments of
the invention increases the transfer bandwidth of a memory
device.

As is known in the art, even when a transistor is turned off.

a small amount of leakage current generally flows through the
transistor. For example, in the NDR operating region 220
shown in FIG. 2, a small amount of current flows through the
NDR device even when the drain-source voltage VDS is
significantly larger than the NDR threshold Voltage V.
Therefore, a transistor is generally considered to be turned off
(i.e., in an OFF state) when the current flow through the
transistor is less than 5% of the maximum (peak) current for
that transistor when it is turned on (i.e., in an ON state).
Appropriate engineering of NDR FET 610 can be used to
ensure that leakage current through NDR FET 610 (during
the OFF state) does not charge up storage node 650 from a
stored “0” to a stored “1” in response to the high-bias level
pulses of the gate bias signal Vs. Note that in most
instances, a leakage characteristic of capacitor 650 will be
greater than a leakage behavior of NDR FET 610 when the
latter is turned off, so the leakage characteristic of NDRFET
610 will typically not be a significant issue. However, in
various other embodiments, a variety of techniques can be
used to compensate for potential leakage current through the
NDR FET 610 when it is off. For example, the magnitude of
upper supply Voltage V, could be increased, at least during
storage periods, so that the NDR effect is enhanced and con
duction in the channel is Substantially eliminated. Alterna
tively, the transistor characteristics of transfer FET 620 and
NDR FET 610 (channel lengths and gate sizings, dopings,
etc.), and the leakage behavior of capacitor 625 can be tai
lored and matched to compensate for any leakage through

efficient since it is done on a cell by cell basis. Also, the NDR
based refresh is designed to be switched off and not take place
when memory cell 600 is storing a low voltage potential at
storage node 650. Moreover, as is apparent from the present
teachings, the “refresh' of the present invention does not
require a separate cycle. The typical refresh cycle is a dedi
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tion. Capacitor 615 can then be discharged through access
transistor 620, and the desired logic LOW level can be stored
in memory cell 600.
On the other hand, if a logic LOW voltage is originally
stored on capacitor 615 and a logic HIGH value is subse
quently written into memory cell 600, NDR FET 610 could
actually be turned on during the write operation. Specifically,
as capacitor 615 is being charged during the write operation,
the source voltage for NDR FET 610 is increasing (and the
drain-to-source voltage VDS of NDRFET 610 is decreasing).
If pulsed gate bias signal VBIAS is pulsed HIGH once the
drain-to-source voltage VDS drops below NDR threshold
voltage VNDR, NDR FET 610 will turn on and begin con
ducting a relatively large current. Therefore, NDR FET 610
can actually improve the write speed in certain situations for
memory cell 600.
Thus, because the operation of NDR FET 610 does not
(negatively) affect the overall operation of memory cell 600,
NDR FET 610 beneficially eliminates the need for the com
plex refresh circuitry and logic required by conventional
DRAM memories. For example, FIG. 6B shows a schematic
diagram of a memory array 601 that incorporates memory
cell 600 shown in FIG. 6A. Memory array 601 includes nine
memory cells 600 in a 3x3 array. The source (or drain) of each
access transistor 620 in each memory cell 600 is connected to
a bit line 630, while the gate of each access transistor is
connected to a word line 640. Row selection logic (circuit)
691 applies appropriate signals to word lines 640 to provide
read/write access to particular rows of memory cells 600, and
column selection logic (circuit) 692 Supplies appropriate

US 7,995,380 B2
21
logic levels to bit lines 630 to enable the reading and writing
of particular memory cells 600. Sense amplifiers 693 are
coupled to bit lines 630 for use during read operations on
memory cells 600 (described in greater detail below).
The drain of each NDR FET 610 in each memory cell 600
is connected to supply voltage VDD, while the gate of each
NDR FET 610 is connected to a bias line 611. In lieu of the

complex refresh circuitry present in conventional DRAM
arrays, memory array 601 includes a simple bias pulse gen
eration logic (circuit) 695 that provides pulsed gate bias sig
nal VBIAS (as described with respect to FIG. 6A) to bias lines
611. As noted above, NDRFETs 610 in each of memory cells
600 can be operated without regard to the read/write behavior
of memory array 601. Therefore, bias pulse generation logic
695 can be implemented in any manner that provides periodic
logic HIGH pulses on bias lines 611. For example, in one
embodiment, bias pulse generation logic 695 could be imple
mented as a shift register that simply applies a bias pulse to
bias lines 611 in a sequential loop (i.e., applying the bias pulse
to bias lines 611-1, 611-2, and 611-3, looping back to bias line
611-1, and continuing in this manner). Various other bias
pulse generation circuits will be readily apparent.
Note that the particular arrangement and orientation of
memory cells 600 within memory array 601 is merely exem
plary, and that a memory array in accordance with the inven
tion can include any number of memory cells 600 in any
arrangement. For example, in one embodiment, adjacent col
umns of memory cells 600 can be mirror images of one
another, thereby allowing the source terminals of the NDR
FETs 610 in each of the memory cells 600 to be tied to a
common Supply Voltage line. In another embodiment, bias
pulse generation logic 695, which is depicted as providing
common signals to each row of memory cells 600 (i.e., via
horizontal bias lines 611-1, 611-2, and 611-3), can provide
common signals to each column of memory cells 600 (e.g.,
via Vertical bias lines), or to any other desired grouping break
down for memory array 601.
Thus, while each memory cell 600 includes more active
components (one more) than a conventional DRAM cell,
memory cells 600 obviate the need for conventional refresh
circuitry in memory array 601. In some applications, of
course, it may be desirable to mix and match the memory cells
of the present invention with conventional DRAM cells that
do utilize a standard refresh operation.
During write operations, a pulse width (in units of time) of
a word line Voltage pulse should be wide enough to allow a
capacitor 615 to be charged fully to the logic HIGH level, or
discharged fully to the logic LOW level, and to allow NDR
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down, and then amplify the data signal(s) appropriately (e.g.
outputs a voltage Vss if it detects that the bit line voltage is
dropping, or else maintains a high output Voltage for that bit
line).
It should be noted that for fast data sensing (within 1 ns), a
differential amplifier (requiring 2 inputs instead of 1) may be
preferable. In such cases a neighboring BIT line or “dummy'
BIT line can be precharged to an appropriate level (e.g. Vdd/
2) and used to provide the second input signal to the differ
ential sense amplifier. In DRAM applications, a comparison
to a reference cell (not shown) may also be used.
Note that to perform a read operation, the appropriate bit
line(s) 630 can alternatively be precharged to a logic LOW
level before the appropriate word line(s) 640 is pulsed to a
logic HIGH level. If the data being stored is a logic LOW
value, then capacitor 615 will not pull up the voltage on BIT
line 630 (through access transistor 620). If the data being
stored is a logic HIGH value, then capacitor 615 will pull up
the voltage on BIT line 630 through access transistor 620. The
sense amplifier 693 connected to bit line 630 will then output
a logic HIGH output if it detects that the bit line voltage is
rising, or else it will maintain a logic LOW output for that bit
line.
While this invention has been described with reference to

illustrative embodiments, this description is not intended to
be construed in a limiting sense. It will be clearly understood
by those skilled in the art that foregoing description is merely
by way of example and is not a limitation on the scope of the
invention, which may be utilized in many types of integrated
circuits made with conventional processing technologies.
Various modifications and combinations of the illustrative

embodiments, as well as other embodiments of the invention,
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will be apparent to persons skilled in the art upon reference to
the description. Such modifications and combinations, of
course, may use other features that are already known in lieu
of or in addition to what is disclosed herein. It is therefore

intended that the appended claims encompass any Such modi
fications or embodiments. While such claims have been for
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mulated based on the particular embodiments described
herein, it should be apparent the scope of the disclosure herein
also applies to any novel and non-obvious feature (or combi
nation thereof) disclosed explicitly or implicitly to one of skill
in the art, regardless of whether Such relates to the claims as
provided below, and whether or not it solves and/or mitigates
all of the same technical problems described above. Finally,
the applicant further reserves the right to pursue new and/or
additional claims directed to any Such novel and non-obvious
features during the prosecution of the present application
(and/or any related applications).

FET 610 to Switch from NDR mode to non-NDR mode or

vice versa. Accordingly the word line pulse width will vary of

The invention claimed is:

course from circuit to circuit and can be determined in accor

dance with well-known techniques.
To read data from a given memory cell 600, the appropriate
bit line 630 can be precharged to a logic HIGH level, and then
connected to the input of one of sense amplifiers 693 by
column selection logic 692. The appropriate word line 640 is
then pulsed to a logic HIGH level. If the data being stored is
a logic HIGH value, then capacitor 615 will not pull down the
voltage on BIT line 630 through access transistor 620. If the
data being stored is a logic LOW value, then capacitor 615
will pull down the voltage on BIT line 630 through access

55

60

and

transistor 620.

Sense amplifiers 693 can exhibit any conventional design/
configuration that quickly detects (within nanoseconds)
whether or not the voltage(s) on bit line(s) 630 is being pulled

1. A method of operating a random access memory (RAM)
cell, the method comprising:
coupling a pull-up element with a Switchable current path
between a storage node of the RAM cell and a high
Voltage source, wherein the pull-up element is a negative
differential resistance (NDR) device:
maintaining the Switchable current path of the pull-up ele
ment in an off condition during a first period when the
RAM cell is storing a first Voltage at the storage node:
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turning on the switchable current path of the pull-up ele
ment during at least portions of a second period when the
RAM cell is storing a second Voltage at the storage node,
thereby refreshing the second Voltage at the storage
node,
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wherein the NDR device is a metal insulator semiconduc

tor field effect transistor (MISFET) that includes a trap
ping layer for trapping electrons from the Switchable
current path.
2. The method of claim 1, wherein the high voltage source
Supplies an upper Voltage VDD.
3. The method of claim 2 further comprising:
maintaining the second Voltage, wherein maintaining the
second Voltage includes increasing a magnitude of the
upper voltage VDD.
4. The method of claim 1, wherein the second voltage is a
logic HIGH Voltage obtained by charging a capacitor.
5. The method of claim 4 further comprising:
maintaining the second Voltage, wherein due to leakage
current, maintaining the second Voltage includes turning
on the pull-up element to recharge the capacitor, thereby
refreshing the logic HIGH Voltage at the storage node.
6. The method of claim 5, wherein an increased voltage
deviation at the storage node due to the leakage current results
in increased current through the pull-up element.
7. The method of claim 1, wherein the first voltage is a logic
LOW Voltage obtained by discharging a capacitor.
8. The method of claim 1, wherein turning on the switch
able current path of the pull-up element includes providing a
pulsed Voltage signal to a gate of the pull-up element, the
pulsed Voltage signal being a standard threshold Voltage of
the pull-up element plus 0.5-1.0 volts.
9. The method of claim 1, wherein turning on the switch
able current path of the pull-up element includes providing a
pulsed Voltage signal to a gate of the pull-up element, the
pulsed Voltage signal being an upper Voltage VDD.
10. The method of claim 1, wherein the refreshing is inde
pendent of a refresh operation in any other RAM cell.
11. The method of claim 1, wherein a read/write operation
performed during the refreshing is successful irrespective of
the first voltage or the second Voltage.
12. The method of claim 1, wherein the refreshing
improves a speed of a write operation of the second Voltage
compared to a write operation without the refreshing.
13. A method of operating a random access memory
(RAM) cell, the method comprising:
coupling a pull-up element with a Switchable current path
between a storage node of the RAM cell and a high
Voltage source, wherein the pull-up element is a negative
differential resistance (NDR) transistor;
maintaining the Switchable current path of the pull-up ele
ment in an off condition during a first period when the
RAM cell is storing a first Voltage at the storage node:
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and

turning on the switchable current path of the pull-up ele
ment during at least portions of a second period when the
RAM cell is storing a second Voltage at the storage node,
thereby refreshing the second value at the storage node,
wherein maintaining the switchable current path of the
pull-up element in the off condition during the first
period and turning on the switchable current path of the
pull-up element during at least portions of the second
period comprises Supplying a gate bias signal to a gate of
the NDR transistor, the gate bias signal comprising peri
odic high Voltage pulses, wherein the periodic high Volt
age pulses are greater than a threshold Voltage of the
NDR transistor.

14. The method of claim 13, wherein the high voltage
Source Supplies an upper Voltage VDD.
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15. The method of claim 14 further comprising:
maintaining the second Voltage, wherein maintaining the
second Voltage includes increasing a magnitude of the
upper voltage VDD.
16. The method of claim 13, wherein the second voltage is
a logic HIGH Voltage obtained by charging a capacitor.
17. The method of claim 13 further comprising:
maintainin the second Voltage, wherein due to leakage
current, maintaining the second Voltage includes turning
on the pull-up element to recharge the capacitor, thereby
refreshing the logic HIGH Voltage at the storage node.
18. The method of claim 17, wherein an increased voltage
deviation at the storage node due to the leakage current results
in increased current through the pull-up element.
19. The method of claim 13, wherein the first voltage is a
logic LOW Voltage obtained by discharging a capacitor.
20. The method of claim 13, wherein each of the periodic
high Voltage pulses is a standard threshold Voltage of the
pull-up element plus 0.5-1.0 volts.
21. The method of claim 13, wherein each of the periodic
high Voltage pulses is an upper Voltage VDD.
22. The method of claim 13, wherein the refreshing is
independent of a refresh operation in any other RAM cell.
23. The method of claim 13, wherein a read/write operation
performed during the refreshing is successful irrespective of
the first voltage or the second Voltage.
24. The method of claim 13, wherein the refreshing
improves a speed of a write operation of the second Voltage
compared to a write operation without the refreshing.
25. A method of operating a random access memory
(RAM) comprising a plurality of memory cells,
wherein each of the plurality of memory cells comprises a
pull-up device and a storage capacitor connected in
series between a high Voltage source and a low Voltage
Source, the pull-up device being a negative differential
resistance (NDR) transistor, and
wherein a junction between the pull-up device and the
storage capacitor form a data storage node,
the method comprising applying high bias Voltage pulses
to the gate of the pull-up device in each of the plurality of
memory cells,
wherein when a first Voltage is stored at the data storage
node, each high bias Voltage pulse causes the pull-up
device to be placed in an ON state, and
wherein when a second Voltage is stored at the data storage
node, the high bias Voltage pulses do not cause the pull
up device to be placed in an ON state.
26. The method of claim 25, wherein the high voltage
Source Supplies an upper Voltage VDD.
27. The method of claim 26 further comprising:
maintaining the first Voltage, wherein maintaining the first
Voltage includes increasing a magnitude of the upper
voltage VDD.
28. The method of claim 25, wherein the first voltage is a
logic HIGH Voltage obtained by charging the storage capaci
tOr.
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29. The method of claim 28 further comprising:
maintaining the first Voltage, wherein due to leakage cur
rent, maintaining the first Voltage includes recharging
the storage capacitor, thereby refreshing the logic HIGH
Voltage at the storage node.
30. The method of claim 29, wherein an increased voltage
deviation at the data storage node due to the leakage current
results in increased current through the pull-up device.
31. The method of claim 25, wherein the second voltage is
a logic LOW Voltage obtained by discharging the storage
capacitor.
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32. The method of claim 25, wherein each high bias voltage
pulse is a standard threshold Voltage of the pull-up device plus
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35. The method of claim 25, wherein a read/write operation
performed during a refresh operation of the RAM is success
ful irrespective of the first voltage or the second voltage.

0.5-1.0 volts.

33. The method of claim 25, wherein each high bias voltage
pulse is an upper voltage VDD.
34. The method of claim 25, wherein a refresh operation of
the memory cell is independent of any other memory cell of
the plurality of memory cells.

36. The method of claim 25, wherein a refresh of the RAM

5

improves a speed of a write operation of the first Voltage
compared to a write operation without the refreshing of the
RAM.
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